1.. Introduction {#s1}
================

Various cohort studies of the human gut microbiome based on a metagenomic approach using next-generation sequencing (NGS) have been reported.^[@DSW002C1]--[@DSW002C11]^ These studies included patients with diseases such as obese,^[@DSW002C1]^ inflammatory bowel disease,^[@DSW002C2]^ type 2 diabetes,^[@DSW002C3],[@DSW002C6]^ colon cancer,^[@DSW002C7],[@DSW002C9]^ liver cirrhosis,^[@DSW002C8]^ and rheumatoid arthritis,^[@DSW002C11]^ as well as numbers of healthy individuals in various countries including the USA, several European countries, and China. In addition, several studies have reported on gut microbiomes of Asian children and natives from rural areas.^[@DSW002C12]--[@DSW002C16]^ These studies suggest that the human gut microbiome is more or less affected by various factors such as diet and host\'s genetic background,^[@DSW002C17]^ and the altered microbiome is associated with diseases.^[@DSW002C18]^ Several comparative analyses have also suggested a great diversity in human gut microbiomes at the population level,^[@DSW002C5],[@DSW002C6],[@DSW002C12]--[@DSW002C16],[@DSW002C19]^ and even in those of patients with diseases.^[@DSW002C6],[@DSW002C20]^ Essentially, human gut microbiomes can be classified into 'enterotypes' on the basis of differences in the abundance of a few major species largely linking with dietary habits.^[@DSW002C21],[@DSW002C22]^

Japanese (JP) have unique dietary culture and habits compared with Western people being reflected in the finding that their gut microbiomes have more genes for aquatic plant-derived polysaccharide-degrading enzymes than those of Americans.^[@DSW002C23]^ In addition, Japanese exhibit the highest average life span and very low body mass index (BMI).^[@DSW002C24]^ A study on the gut microbiomes of 13 Japanese individuals has been previously published.^[@DSW002C25]^ However, the dataset size was too small to allow comparison with other large datasets to evaluate distinct features of the Japanese gut microbiome (JPGM). Therefore, in this study, we collected and analysed the metagenomic data from gut microbiomes of 106 Japanese individuals by sequencing of fecal DNA samples using NGS, and we further explored the unique microbial and functional features of the JPGM using microbiome data from a total of 861 healthy individuals selected from 12 countries including Japan.

2.. Materials and methods {#s2}
=========================

2.1.. Subjects and fecal sample collection {#s2a}
------------------------------------------

One hundred and six Japanese volunteers \[age: 32 ± 11, BMI: 22 ± 2.7 (mean ± S.D.), and male:female = 64:42\] were recruited by Azabu University (Japan) from 2010 to 2013 ([Supplementary Table S1](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw002/-/DC1)). This study was approved by the Human Research Ethics Committee of Azabu University and the Research Ethics Committee of the University of Tokyo, and written consent was obtained from all subjects. No subjects were treated with antibiotics during fecal sample collection. Among them, fecal samples were longitudinally collected twice from 26 individuals every 8 weeks and five times from 9 individuals every 2 weeks, of which 16 individuals were shared with the previous study.^[@DSW002C26]^ A total of 168 fecal samples were collected from the 106 individuals. The collected fresh feces were stored under anaerobic conditions in an AneroPack™ (Mitsubishi Gas Chemical Co. Inc., Tokyo, Japan) at 4°C. Within 36 h after sampling, the feces were frozen in 20% glycerol (Wako Pure Chemical Industries, Osaka, Japan)/phosphate buffer saline (PBS) solution (Life Technologies, Tokyo, Japan) by liquid nitrogen and stored at −80°C until ready for use.

2.2.. Recovery of bacteria from fecal samples and bacterial DNA isolation {#s2b}
-------------------------------------------------------------------------

Bacteria and bacterial DNA were prepared as described previously with minor modifications.^[@DSW002C26],[@DSW002C27]^ In brief, the bacterial DNA was isolated by the enzymatic lysis method using lysozyme (Sigma-Aldrich Co. LCC., Tokyo, Japan) and achromopeptidase (Wako). The DNA samples were purified by treatment with RNase A (Wako), followed by precipitation with 20% PEG solution (PEG6000 in 2.5 M NaCl). The DNA was pelleted by centrifugation, rinsed with 75% ethanol, and dissolved in TE buffer.

2.3.. Metagenomic sequencing of fecal DNA {#s2c}
-----------------------------------------

The fecal DNA samples were sequenced using 454 GS FLX Titanium and FLX+ (Roche), Ion PGM and Ion Proton (Life Technologies), and MiSeq (Illumina) sequencing system. The detailed protocols have been described in the [Supplementary Text](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw002/-/DC1). In brief, after the quality filtering, reads mapped to the human genome (HG19) were removed. Artificially redundant reads from the 454 and Ion PGM/Proton sequencers were removed using a replicate filter.^[@DSW002C28]^ From the MiSeq filter-passed reads, reads mapped to the phiX bacteriophage genomes were also removed. Sequencing statistics are summarized in [Supplementary Table S1](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw002/-/DC1).

2.4.. PCR detection of *Methanobrevibacter smithii* in the Japanese individuals {#s2d}
-------------------------------------------------------------------------------

*Methanobrevibacter smithii* was detected by PCR using *M. smithii* 16S rRNA gene-specific primers 5′-ATGCACCTCCTCTCAGCTAGTC-3′ and 5′-AGAGGTACTCCCAGGGTAGAGG-3′. The details have been described in the [Supplementary Text](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw002/-/DC1).

2.5.. Publically available metagenomic sequence data {#s2e}
----------------------------------------------------

We collected metagenomic sequence data of individuals from Denmark (DK), Spain (ES), the USA (US), China (CN), Sweden (SE), Russia (RU), Venezuela (VE), Malawi (MW), Austria (AT), France (FR), and Peru (PE). Metagenomic reads from DK^[@DSW002C2]^ and ES^[@DSW002C2]^ populations were downloaded from <http://public.genomics.org.cn>. Filter-passed reads from the US^[@DSW002C4]^ population were downloaded from the HMP DACC (<http://www.hmpdacc.org>). Raw reads for DK,^[@DSW002C29]^ ES,^[@DSW002C19]^ CN,^[@DSW002C3],[@DSW002C8]^ SE,^[@DSW002C6]^ RU,^[@DSW002C5]^ AT,^[@DSW002C9]^ FR,^[@DSW002C7]^ PE,^[@DSW002C15]^ US,^[@DSW002C15]^ and VE^[@DSW002C30]^ were downloaded from public databases and subjected to the quality control prior to use under the same conditions as used for the JP data. The SOLiD reads from RU were subjected to error correction using the SOLiD Accuracy Enhancement Tool (SAET), and the quality control was performed as described previously.^[@DSW002C5]^ Raw reads for VE,^[@DSW002C14]^ MW,^[@DSW002C14]^ and US^[@DSW002C14]^ were downloaded from MG-RAST (<http://metagenomics.anl.gov>) and reads mapped to the human genome were excluded.

2.6.. Country-specific metagenomic datasets of healthy individuals {#s2f}
------------------------------------------------------------------

To construct metagenomic datasets from healthy individuals from each country, the data for individuals with BMI ≥30; those designated with the following diseases based on the literature: inflammatory bowel disease, type 2 diabetes, liver cirrhosis, or colorectal cancer; and infants \<3 yrs old were excluded from the data collected from a total of 1,734 individuals from the 12 countries. The exclusion of the patient and infant samples was to avoid the incorporation of altered gut microbiomes significantly different from the healthy adult gut microbiome.^[@DSW002C14],[@DSW002C18]^ Although we could not access the metadata for individuals from US,^[@DSW002C4]^ we used all data from individuals with an average BMI of 24 ± 4 (mean ± S.D.) for this cohort. Finally, we selected and used a total of 861 healthy individuals from the 12 countries for the analysis ([Supplementary Table S2](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw002/-/DC1)).

2.7.. Construction of microbial reference genomes {#s2g}
-------------------------------------------------

To improve the efficiency and accuracy of taxonomic assignment of metagenomic sequences and to reduce excess load in computing, we constructed and used an in-house developed reference genome database from 2,788 complete and 22,317 draft genomes available from GenBank/EBI/DDBJ (as of July 2014), 20 genomes,^[@DSW002C31]^ and 2 unpublished genomes. The reference genome database comprises a total of 6,149 genomes representing 2,373 clusters at the species level of Bacteria and Archaea ([Supplementary Table S3](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw002/-/DC1)). Detailed procedures have been described in the [Supplementary Text](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw002/-/DC1).

2.8.. Mapping of metagenomic reads to the reference genomes {#s2h}
-----------------------------------------------------------

One million metagenomic reads per individual were mapped to the reference genomes using Bowtie2^[@DSW002C32]^ (version 2.2.1) with a 95% identity threshold. The number of multi-hit reads that mapped to several different genomes with identical scores was normalized by the proportion to the number of reads uniquely mapped to the genomes. The relative abundance of each genome was calculated by normalizing the number of reads mapped to the genome by the total number of reads mapped. NCBI taxonomy information was used for taxonomic assignment of phylum, genus, and species for each genome. Genomes that were not assigned to a particular taxonomic rank were assigned to the higher rank classification and designated 'unclassified higher rank'. Detailed procedures have been described in the [Supplementary Text](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw002/-/DC1).

2.9.. Comparison of microbial compositions {#s2i}
------------------------------------------

A multi-dimensional scaling (MDS) plot was constructed using the Jensen--Shannon divergence between microbial compositions at the genus level of the 861 individuals. Hierarchical clustering was performed using the Ward method based on the Bray--Curtis distances. A model to predict each country based on microbial composition at the genus level was constructed using the randomForest package in R. The predictive power of the model was evaluated by 10-fold cross-validation with 90% of the training data and 10% of the prediction data. The number of trees was set to 500, and the sample size option was set to the minimum number of individuals among the countries. The receiver operating characteristic curve (ROC) and area under the ROC curves (AUCs) of the predictive model were calculated and plotted with the smooth function using the ROCR and pROC packages. Pearson correlation coefficients (PCCs)^[@DSW002C6]^ were used for evaluating similarities between microbial compositions from individuals within and between countries.

To evaluate the effect of methodologies in the metagenomic analysis, three different subsets of fecal samples were subjected to analyses using different protocols in sequencing, DNA preparation, and fecal sample storage steps, respectively. Detailed procedures have been described in the [Supplementary Text](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw002/-/DC1). The protocols used in the present and other studies are also summarized in [Supplementary Table S4](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw002/-/DC1).

Permutational Multivariate Analysis of Variance (PERMANOVA) was used to assess the association of age and BMI with the gut microbiome structure using the adonis function in the Vegan package in R. The dietary intake information of the 12 countries was collected from the Food and Agriculture Organization Corporate Statistical (FAOSTAT) database (<http://faostat3.fao.org/home/>, as of June 2015). Details on the food data have been described in the [Supplementary Text](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw002/-/DC1).

2.10.. Assembly of metagenomic sequences and gene prediction in the JPGM {#s2j}
------------------------------------------------------------------------

For each JP individual, the filter-passed reads produced from 454 GS and Ion PGM/Proton and those from MiSeq were assembled using the Newbler assembler (version 2.7), respectively. The contigs generated were further assembled with Minimus2^[@DSW002C33]^ using the default setting for each individual. Unassembled reads (singletons) from each sequencer in all individuals were combined and reassembled to obtain additional contigs formed between different samples. MetaGeneAnnotator^[@DSW002C34]^ was used to predict protein-coding genes (≥100 bp) in the contigs (≥500 bp) and singletons (≥300 bp). Finally, ∼4.9 million (M) non-redundant genes were identified in the JPGM by further clustering the predicted genes using CD-HIT^[@DSW002C35]^ with a 95% nucleotide identity and 90% length coverage cut-off.

2.11.. Generation of a JPGM and integrated gene catalog merged reference gene set of human gut microbiomes {#s2k}
----------------------------------------------------------------------------------------------------------

The integrated gene catalog (IGC),^[@DSW002C19]^ which was constructed from metagenomic data of \>1,000 gut microbiomes from DK, ES, US, and CN were downloaded from <http://meta.genomics.cn/metagene/meta/home>. The merged reference gene set was constructed by clustering the JPGM non-redundant genes (4.9 M) and the non-redundant genes (9.9 M) in the IGC using CD-HIT with a 95% nucleotide identity and 90% length coverage cut-off.

2.12.. Functional assignment of non-redundant genes in human gut microbiomes {#s2l}
----------------------------------------------------------------------------

Functional assignment of the non-redundant genes was performed using BLASTP searches (*e*-value ≤1.0e−5) against the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (release 63) to obtain the KEGG orthologies (KOs). The genes with a best hit to eukaryotic genes were excluded from further analysis. Additionally, the non-redundant genes were searched using BLASTP (*e*-value ≤1.0e−5) against the eggNOG database^[@DSW002C36]^ (version 4.5) to assign them to non-supervised orthologous groups (NOGs). The phylum-level taxonomic assignment of the genes assigned to NOGs was conducted by BLASTN searches to the reference genomes with a ≥65% identity and ≥85% length coverage cut-off.

2.13.. Quantification of the annotated genes in human gut microbiomes {#s2m}
---------------------------------------------------------------------

One million metagenomic reads per individual were mapped to the JPGM and IGC merged reference gene set using Bowtie2 with a 95% identity cut-off. To adjust the mapping conditions for long reads (e.g. 454 FLX + reads with an average read length of 730 bp) to the short reference genes with an average length of 620 bp, reads \>100 bp were split into 100 bp fragments, which were used independently for similarity searches, while fragments \<50 bp were discarded. The number of reads that mapped equally to more than one gene was normalized by the proportion of the number of reads uniquely mapped to the genes as was conducted for the mapping analysis to the reference genomes. The quantities of KOs were calculated from the number of reads mapped to them. We first compared the relative abundance of KOs between the 104 JP individuals and the 757 individuals in the other 11 countries using Student\'s *t*-test to enumerate the KOs enriched and depleted with statistical significance (adjusted *P* \< 0.01) in the JPGM. Of them, those having the highest and lowest relative abundance among the 12 countries were identified. *P*-values were corrected for multiple testing using the Benjamini--Hogberg method.

3.. Results {#s3}
===========

3.1.. Population-level diversity in the human gut microbiome {#s3a}
------------------------------------------------------------

We obtained approximately 350 Gb of filter-passed metagenomic reads with an average of 3.4 ± 1.9 Gb (mean ± S.D.) per individual by sequencing fecal DNA samples from the 106 JP individuals using 454 GS, Ion PGM/Proton, or MiSeq sequencers ([Supplementary Table S1](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw002/-/DC1)). To evaluate the microbial composition of the JPGMs, we mapped the metagenomic reads to the reference genomes. The relative abundances of the four dominant phyla were 59.7 ± 14.7% for Firmicutes, 21.8 ± 16.3% for Actinobacteria, 16.7 ± 10.4% for Bacteroidetes, and 1.4 ± 1.6% for Proteobacteria. At the genus level, *Bifidobacterium* was the most dominant species, accounting for 17.9 ± 15.2%. The results for taxonomic assignment are also presented in [Supplementary Fig. S1](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw002/-/DC1).

Next, we collected metagenomic data from 11 other countries to characterize the JPGM and to explore population-level variations in human gut microbiomes among the 12 countries. The independent cohort data were combined per country to construct country-specific metagenomic datasets of healthy individuals, from which data for individuals with BMI ≥30, those afflicted with known diseases, or infants \<3 yrs were excluded. These country-specific datasets comprising data of a total of 861 healthy individuals including the 104 JP individuals were used for further analysis ([Supplementary Table S2](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw002/-/DC1)).

We obtained the microbial compositions of the 861 individuals from the 12 countries using the same conditions as those used for the JPGM ([Supplementary Fig. S2](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw002/-/DC1)). The MDS plot of the microbial compositions of the 861 individuals showed that they tended to cluster together per country (Fig. [1](#DSW002F1){ref-type="fig"}A). A permutation test confirmed significantly higher similarity of the microbial composition between individuals within a country than between those of different countries (Fig. [1](#DSW002F1){ref-type="fig"}B). To test whether the microbial composition can predict an individual\'s country of origin, we used random forest analysis^[@DSW002C6],[@DSW002C14]^ to construct a predictive model for the countries except VE and MW, for which sample numbers were too small to analyse. The result showed that the AUCs ranged from 0.82 to near 1.00 for each country (Fig. [1](#DSW002F1){ref-type="fig"}C), demonstrating the high predictive accuracy of the model. Taken together, these data strongly suggested that the human gut microbiome composition is significantly diverse across the 12 countries. Figure 1.Population-level diversity in human gut microbiomes among the 12 countries. (A) The MDS plot of microbial compositions for all individuals. Each circle represents an individual microbial composition and each colour represents a country of origin. The position based on the average microbial composition for each country is displayed by the abbreviated country name. (B) Comparison of Pearson\'s correlation coefficients of microbial compositions in individuals within a country and between different countries. Boxes represent the inter-quartile range (IQR), and the lines inside show the median. Whiskers denote the lowest and highest values within 1.5 times the IQR. Asterisk represents *P* \< 0.05. (C) ROC curves and AUC values from the randomForest model. Numbers in parentheses represent the AUC values of the 10 countries.

To examine the effects of different protocols used in the present and other studies on the observed differences in the microbial composition ([Supplementary Table S4](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw002/-/DC1)), we compared and assessed variations in the microbial composition estimated from three different NGS sequencers, four different DNA extraction methods including two enzymatic lysis methods and two commercially available kits based on mechanical disruption of cells, and four different fecal sample storage conditions ([Supplementary Table S5](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw002/-/DC1)). For the fecal sample storage conditions, we focused on assessment of differences in the storage time from defecation until freezing of fecal samples, because it was considered to be varied among the studies. The results revealed that PCCs between the microbial compositions from different protocols were high (from 0.88 to 1.00) in any pair of comparisons between them and significantly higher than those observed for the individuals within and between countries ([Supplementary Figs S3 and S4](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw002/-/DC1)). These data indicated that the methodological differences had no significant effects on the observed variations among the human gut microbiomes.

Hierarchical clustering of the 12 countries based on the average microbial composition at the genus level showed that the JPGM was more similar to microbiomes of AT and SE than that of CN, while those of CN and US were most closely related, but far from the JPGM among the 12 countries ([Supplementary Fig. S5](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw002/-/DC1)). These results indicated that host ethnic and geographical closeness have no large influence on the overall microbial composition of the human gut microbiome. We also assessed the contribution of variations in age and BMI to differences in the microbial abundance by using PERMANOVA. The coefficient of determination for the variation (*R*^2^) in age and BMI was 0.16 (*P*-value = 0.14) and 0.2 (*P*-value = 0.07), respectively, indicating that both factors had no large influence on the observed results as well.

We further examined the association of diet since it is known to be a major factor influencing microbial composition.^[@DSW002C22],[@DSW002C37]^ We accessed the FAOSTAT database to collect the dietary intake data (g/capita/day) for 119 food items. Cluster analysis of the 12 countries based on the levels of three main nutrients (carbohydrates, proteins, and lipids) and nine food categories ([Supplementary Fig. S6](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw002/-/DC1)) segregated most of the Western countries from other countries in Asia, South America, and Africa ([Supplementary Fig. S7](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw002/-/DC1)). This indicated that the FAOSTAT data properly represent the current diversity in dietary habits of the 12 countries, allowing for its use in the association analysis with the microbial diversity. Comparison with the dendrogram of the 12 countries based on the microbial composition ([Supplementary Fig. S5](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw002/-/DC1)) revealed several inconsistencies in the relation among the countries. For example, CN had close relations with MW and PE due to the high similarity of dietary component with the high grains/beans and the low animal product level, while it had closer relations with several Western countries such as US, DK, and ES with the high abundance of *Bacteroides* than MW and PE in the microbial composition. Additionally, SE, FR, and AT were members in the Western group in the dietary component, while those were closer to Japan than other Western countries in the microbial composition. Thus, the population-level diversity in the human gut microbiome may not be relied on diet alone.

3.2.. Microbial characterization of the Japanese gut microbiome {#s3b}
---------------------------------------------------------------

We identified 425 genera and 21 phyla of Bacteria and Archaea in the gut microbiomes of the 861 individuals. The genera with an average relative abundance of ≥0.5% in the 12 countries are listed in [Supplementary Table S6](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw002/-/DC1). When comparing the abundance of the bacterial phyla, the JPGM showed the highest abundance of Actinobacteria. In contrast, the abundance of Bacteroidetes and Proteobacteria in the JPGM was significantly lower than in the microbiomes of various other countries (Fig. [2](#DSW002F2){ref-type="fig"}A). At the genus level, the JPGM was characterized by the highest abundance of *Bidfidobacterium*, *Blautia*, *Collinsella*, *Streptococcus*, and unclassified Clostridiales, but the lowest abundance of *Clostridium*, *Alistipes*, unclassified Firmicutes, *Dialister*, and *Butyrivibrio* among the 12 countries (Fig. [2](#DSW002F2){ref-type="fig"}B). Figure 2.Taxonomic comparison of gut microbiomes of populations from the 12 countries. Relative abundances of the four dominant phyla (A), the five genera most enriched and depleted in the JPGM (B), and *M. smithii* (C) in the 12 countries are shown. Vertical axes represent the relative abundance of the species calculated from the number of mapped reads to the reference genomes.

Another characteristic feature of the JPGM was that it has the lowest frequency of *M. smithii*, a methanogenic archaeon, among the 12 countries (Fig. [2](#DSW002F2){ref-type="fig"}C). Metagenomic mapping analysis showed that this species was detected only in eight (7.7%) JP individuals, while it was detected in a proportion of 39--100% of the individuals in other countries (relative abundance ≥0.0001%, [Supplementary Fig. S8](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw002/-/DC1)a). The lowest prevalence of this archaeon in the JP cohort was also validated by PCR using species-specific 16S primers. The data showed that *M. smithii* was undetected in 97 (92%) of the 106 JP individuals both in the metagenomic mapping and in the PCR analysis, where 5 were positive in both analyses, 3 were positive only in the mapping analysis, and 1 was positive only in the PCR analysis ([Supplementary Fig. S8](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw002/-/DC1)b).

3.3.. Gene numbers in the Japanese gut microbiomes {#s3c}
--------------------------------------------------

We performed *de novo* assembly of filter-passed metagenomic reads from the JP individuals by using the Newbler individually to generate 13 Gb of contigs of ≥500 bp and 0.6 Gb of singletons of ≥300 bp, in which approximately 23 M genes were predicted with MetaGeneAnnotator. By further clustering of the 23 M genes using CD-HIT, we finally obtained 4,854,719 non-redundant genes in the JPGM. Rarefaction analysis of the number of non-redundant genes against the number of individuals sequenced showed that the genes shared by ≥1.9% (2/106) in the JP individuals were almost constant with approximately 100 individuals, while genes unique for an individual (≤1%) increased even beyond 100 individuals ([Supplementary Fig. S9](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw002/-/DC1)a). The number of the genes shared by ≥1.9% (2/106) in the JP individuals represented about 3.8 M, which covered 98.8% of the total reads mapped to the non-redundant genes. These results suggested that the JPGM non-redundant gene set covers most of the genes encoded by the JPGM. In contrast, ≥50% of the JP individuals commonly possessed 0.19 M genes (4.0%), which can be considered to be core genes of the JPGM ([Supplementary Fig. S9](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw002/-/DC1)b).

3.4.. Comparison of the JPGM and IGC gene sets {#s3d}
----------------------------------------------

We compared the JPGM gene set with the IGC gene set.^[@DSW002C19]^ The clustering of the JPGM (4.9 M) and the IGC genes (9.9 M) generated 11,929,034 non-redundant genes in total, in which 585,856 genes and 202,410 genes were excluded by being merged to longer authentic genes in either of the datasets. As a result, 4,268,863 and 9,676,237 non-redundant genes constituted the JPGM and IGC gene sets, respectively. The data showed that approximately 2.0 M genes were shared by both gene sets, and 2.3 and 7.7 M genes were unique to the JPGM and IGC, respectively ([Supplementary Fig. S10](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw002/-/DC1)a). This limited overlap between the JPGM and IGC gene sets was supported by the mapping analysis of metagenomic reads, in which 45.6% of the JPGM metagenomic reads were mapped to the IGC gene set, while 80.0% were mapped to the JPGM gene set ([Supplementary Fig. S10](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw002/-/DC1)b).

Next, we annotated the functions of the genes with the KEGG database. The analysis identified 5,789 KOs in the JPGM and a total of 6,205 KOs from both gene sets, in which 5,613 KOs (90%) were shared between both datasets, demonstrating a significantly high similarity in functional profiles across the populations despite the small overlap in the gene sequences. It was noted that the IGC-unique 416 KOs included multiple genes related to archaeal methane metabolism, while the JPGM-unique 176 KOs included more genes for spore formation than the IGC-unique KOs ([Supplementary Tables S7 and S8](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw002/-/DC1)).

3.5.. Quantitative evaluation of functional profiles of human gut microbiomes {#s3e}
-----------------------------------------------------------------------------

To explore functions that are enriched or depleted in the JPGM compared with microbiomes from the 11 other countries, we mapped the metagenomic reads of the 861 individuals to the JPGM and IGC merged gene set. By comparing the numbers of mapped reads, we identified 563 and 521 KOs having the highest and lowest abundances in the JPGM among the 12 countries with statistical significance (Fig. [3](#DSW002F3){ref-type="fig"}). The overrepresented KOs included functions for carbohydrate metabolism such as glucan 1,3-β-glucosidase (K01210), 6-phospho-β-galactosidase (K01220), and gluconokinase (K00851), and for membrane transport such as the phosphotransferase system of simple sugars including mannose, lactose, and *N*-acetylgalactosamine (K02796, K02787, and K02746). Thus, metabolic pathways for simple sugars such as mono- and oligosaccharides were significantly enriched in the JPGM compared with the other datasets. On the other hand, the depleted KOs included functions such as cell motility including chemotaxis protein CheX (K03409) and flagellar protein FliO/FilZ (K02418), replication and repair including DNA mismatch repair protein MutL (K03572) and DNA adenine methylase (K06223), suggesting a depletion of functions related to host immunity and DNA damage in the JPGM. Many of the depleted KOs involved in energy metabolism and translation originated from archaea. Figure 3.Enriched and depleted functions in the JPGM. Functional categories of the KOs most enriched and depleted in the JPGM compared with those of the other 11 countries are shown. The vertical axis represents the proportion of KOs assigned to the category. Asterisks indicate adjusted *P* \< 0.01 (Fisher\'s exact test).

In agreement with the lowest prevalence of *M. smithii* in the JP cohort, many of the KOs involved in methanogenesis were depleted in the JPGM. Of the 25 known KOs involved in methanogenesis, 18 were significantly depleted in the JPGM with the lowest abundance among the 12 countries (Fig. [4](#DSW002F4){ref-type="fig"} and [Supplementary Fig. S11](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw002/-/DC1)). Conversely, we found a significant enrichment for multiple KOs involved in acetogenesis (the Wood--Ljungdahl pathway) in the JPGM. Of the 17 known KOs involved in acetogenesis, 13 were significantly enriched in the JPGM compared with the other 11 countries, and 5 of them had the highest abundance among the 12 countries (Fig. [4](#DSW002F4){ref-type="fig"} and [Supplementary Fig. S11](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw002/-/DC1)). These two pathways utilize hydrogen to generate methane and acetate, respectively. Furthermore, the abundance of five genes known to be involved in dissimilatory sulfate reduction (DSR), which is the third pathway for hydrogen metabolism, was similar between the JPGM and other gut microbiomes (Fig. [4](#DSW002F4){ref-type="fig"}). These results indicated that the JPGM had a clear inverse pattern in the abundance of the KOs between methanogenesis and acetogenesis compared with all other microbiomes, suggesting a prominent difference in the pathways for hydrogen utilization in the gut between Japanese and other populations. Figure 4.Enriched and depleted genes in the acetogenesis, methanogenesis, and dissimilatory sulfate reduction in the JPGM. Relative abundances of KOs involved in the pathways for hydrogen metabolism in acetogenesis, methanogenesis, and dissimilatory sulfate reduction among the 12 countries are shown. Asterisks indicate adjusted *P* \< 0.01 compared with the abundances of the other 11 countries (Student\'s *t*-test).

3.6.. Gene families enriched in the Japanese population {#s3f}
-------------------------------------------------------

We comprehensively surveyed gene families that are frequently present in the JP cohort by using the eggNOG database, which includes more compiled gene families than the KEGG database. The annotation of the merged JPGM and IGC non-redundant genes yielded 51,250 NOGs. In this analysis, we used 10 M metagenomic reads per individual to detect a low content of NOGs, so that 60 individuals having \<10 M reads, including all individuals from MW and VE, were excluded from this analysis.

We mapped 10 M reads from 801 individuals to the merged non-redundant genes to detect the NOGs in the individual. For these NOGs, we compared the proportion of individuals possessing them in the JP cohort and with the average proportion of the individuals in the nine other countries (Fig. [5](#DSW002F5){ref-type="fig"}). The results revealed 52 NOGs comprising a total of 1,114 genes that were detected in significantly higher proportions in the JP cohort than in the 9 other datasets using a threshold of a proportion of \>70% in the JP cohort, an average proportion of \<30% in other countries, and a ratio of JP/others of ≥3 ([Supplementary Table S11](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw002/-/DC1)). Of the 1,114 genes, 63% were taxonomically assigned to the known phyla. Among the 52 NOGs, 30 (58%), 8 (15%), and 5 NOGs (10%) were assigned to only the Actinobacteria, Bacteroidetes, and Firmicutes, respectively, and 9 other NOGs were distributed over more than two phyla ([Supplementary Fig. S12](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw002/-/DC1)a). The high fraction of Actinobacteria may reflect the highest abundance of this phylum in the JP cohort among the 12 countries. Among the eight NOGs assigned to the Bacteroidetes, three NOGs (ENOG4108ZIS, ENOG4108MQB, and ENOG4105WVE), that were detected in approximately 90% of the JP individuals and in about 15% of other populations with the highest ratio of JP/others, were represented by the genes for aquatic plant-derived polysaccharide-degrading enzymes such as β-porphyranase (hydrolase family 16) and β-agarase published previously.^[@DSW002C23],[@DSW002C38]^ The functional distribution of the 52 NOGs revealed that 35% were of unknown function and no particular function was enriched ([Supplementary Fig. S12](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsw002/-/DC1)b). Figure 5.Comparison of the prevalence of NOG gene families between the JP and the other nine populations. The frequency of NOGs in the JP individuals plotted against those in the other nine countries. Each circle represents a NOG. The vertical axis represents the frequency of NOGs detected in the JP individuals. The horizontal axis represents the average frequency of NOGs detected in the individuals of the nine countries. Fifty-two NOGs significantly highly prevalent in the JP cohort compared with the others (the JP \>0.7, the others \<0.3, and JP/others ≥3) are coloured with blue. Three NOGs (ENOG4108MQB, ENOG4108ZIS, and ENOG4105WVE) were depicted in red.

4.. Discussion {#s4}
==============

In this study, we analysed the metagenomic data from 861 healthy individuals from the 12 countries. The comparative analysis of the high-quality metagenomic datasets revealed a significant population-level diversity in the human gut microbiome across the 12 countries. The accuracy and reliability of this finding are supported by the use of a larger dataset including more populations than those analysed in the previous studies and by the statistical assessment indicating no significant effects of differences in experimental protocols, BMI, and age on the observed results. Thus, we provided the evidence for great variations in structure and function of human gut microbiomes of healthy adults at the population level.

The present study also revealed various features specific to the JPGM. The JPGM showed the highest abundance of the phylum Actinobacteria among the microbiomes of the 12 countries, mainly because of the highest abundance of the genus *Bifidobacterium*. The high abundance of *Bifidobacterium* has been also observed in the gut microbiome of Japanese children based on the 16S rRNA gene analysis,^[@DSW002C12]^ indicating it is highly prevalent throughout the Japanese population. *Bifidobacterium* is thought to be a beneficial microbe having more glycoside hydrolases for degrading starch than other intestinal microbes.^[@DSW002C39],[@DSW002C40]^ Therefore, the high abundance of *Bifidobacterium* can be considered to be the consequence of the intake of various saccharides in traditional and unique Japanese foods. However, at present, it is unknown exactly which foods or nutrients unique to Japanese contribute to the high abundance of *Bifidobacterium*.

Additionally, the JPGM was characterized by various unique functional features. For example, the high carbohydrate metabolism capacity in the JPGM may result in the production of high levels of short chain fatty acids and hydrogen as end products, both of which seems to be clinically beneficial.^[@DSW002C41],[@DSW002C42]^ Concurrently, we found a depletion of deleterious functions such as cell motility, and replication and repair, suggesting a low abundance of the flagellated microbes leading to reduced pro-inflammatory responses by host cells and lowered DNA damage to be repaired in the gut of the Japanese. Together, such a gut ecosystem of benefit functionally might be globally associated with the highest average life span of Japanese in the world.

A remarkable depletion of the archaeon *M. smithii* was also characteristic of the JPGM, resulting in an overall depletion of genes for methanogenesis. In contrast, genes for acetogenesis, which are exclusively encoded by anaerobic acetogens such as the major species *Blautia*,^[@DSW002C43]^ were enriched in the JPGM as compared with the other gut microbiomes. Both methanogenesis and acetogenesis are considered to be critical pathways for hydrogen consumption in the gut because these pathways are tightly linked with anaerobic fermentation of carbohydrates producing hydrogen.^[@DSW002C44]^ Our findings suggest that acetogenesis is the preferable pathway for hydrogen metabolism in the JPGM, while methanogenesis is more actively utilized for hydrogen metabolism in many of the other gut microbiomes. In this context, since the abundance of intestinal *M. smithii* is positively associated with the level of breath methane,^[@DSW002C45]^ our data strongly suggest that *M. smithii* is the primary factor for ethnic differences in the level of methane in human breath reported previously.^[@DSW002C46],[@DSW002C47]^

Finally, the similarities and dissimilarities in the microbial composition in the gut microbiome across the 12 countries cannot simply be explained by diet alone, although several papers have suggested its large contribution to the shaping of the gut microbiome.^[@DSW002C13],[@DSW002C14],[@DSW002C22]^ Our findings suggest the existence of factors in addition to, or other than, diet that affect the human gut microbiome, but further studies are required to solve this puzzling difference.

Data availability {#s5}
=================
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